The internalization of proteins plays a key role in cell development, cell signaling and immunity.
to distinguish cell subsets in a mixed population. Biotin pulse-chase assays equate a reduction in surface signal to internalization, but neglect to account for loss of molecules by other means such as fast antibody off-rates or antibody shedding from the cell surface. [9] [10] [11] Clever use of molecules labeled with different fluorochromes can provide flow cytometry-based measurements of protein internalization and recycling; 12 however, they do not provide direct measurements of internalized signals as they cannot distinguish between signals elicited from the cell surface and the inside of the cell. In contrast, pH sensitive dyes offer the ability to undertake indirect measurements of internalization, with a gain in fluorescent signal following fluorochrome access to an acidic compartment. 13 Unfortunately, often small increases in signal can limit their applicability and their reliance on endosomal acidification means they are not applicable for cell types that have pH neutral endosomal compartments. 14, 15 Finally, a promising new method that directly measures protein internalization is the use of an anti-flourochrome antibody to quench surface-bound fluorochromes. This approach has been used to measure the internalisation 8, 16, 17 and recycling 8 of several molecules. While useful, antibodymediated quenching can vary in its efficiency, with some analyses requiring additional controls to ensure adequate exclusion of surface signals. 16 Potential antibody cross-reactivity is another consideration.
Currently, while this approach can be applied for Alexa Fluor-488 and Alexa Fluor-594, attempts to generate similar antibodies for Alexa
Fluor-647 and Alexa Fluor-750 dyes have been unsuccessful. 17 We have established an endocytosis assay that overcomes the limitations of other flow cytometry-based assays by using a specific hybridization internalization probe (SHIP, Figure 1A ). 18 The SHIP assay comprises of 2 components: a short fluorophore-labeled single-stranded DNA oligonucleotide probe termed fluorescent internalization probe (FIP) and a complementary DNA strand that is conjugated to a quencher dye (QP c ). FIP can be directly attached to an antibody or to a soluble ligand of interest using copper-free click chemistry. By introducing QP c at different time-points, the internalization of any molecule of interest can be quantified by flow cytometry. We have previously used the SHIP assay to monitor internalization of nanoparticles, 18, 19 antibodydependent phagocytosis 20 and to investigate the internalization of immune cell receptors in the context of antibody-targeted vaccination. 21 Here, we describe the capacity of SHIP technology to monitor the endocytosis and recycling of membrane-bound receptors and/or soluble ligands by flow cytometry. To do this, we have used SHIP to monitor transferrin (TF) and transferrin receptor (TFR) endocytosis. The TF cycle, responsible for cellular iron uptake, is extensively characterized and thus provides an ideal framework to demonstrate the usefulness of the SHIP method. 22 Here, for the first time, we have extended the utility of SHIP to monitor the recycling of internalized molecules back to the cell surface ( Figure 1B ). SHIP is an innovative method that permits rapid and high throughput endocytosis analysis.
| RESULTS AND DISCUSSION

| SHIP analysis of TFR internalization
To establish the robustness of the SHIP assay, we investigated the kinetics of TF internalization in C1R B lymphoblastoid cells. 
In the absence of Dyngo 4a, a high proportion of surface anti-TFR FIP is internalized, with~90% of total surface anti-TFR FIP interna- 
| SHIP analysis of TF internalization
Next, we directly conjugated FIP to holo-TF, for analysis of TF This suggests that while the majority of TF FIP is internalized via a dynamin-dependent pathway, a portion of anti-TFR FIP is slowly internalized via a dynamin-independent pathway.
In summary, SHIP analysis of TF concurs with its expected pattern of endocytosis. 26 The reduction in both the total and internalized supplemented with glutamine, fetal calf serum and antibiotics.
| Bone marrow cells
Femurs and tibia were removed from 6 to 12-week-old C57Bl/6 mice and single cell suspensions prepared by passing bone marrow through a 25-gauge needle. B cells and erythroblasts were identified by staining cells with fluorescently conjugated anti-B220 and anti-TER119
(Biolegend), respectively.
| TFR antibody and TF
Purified mouse monoclonal IgG1 anti-human TFR antibody (clone OKT9) 24 was purchased from WEHI Antibody Facility. Anti-mouse TFR IgG2a monoclonal antibody (clone TIB-219) was purchased from ATCC and purified by the WEHI Antibody Facility. Experiments investigating TF trafficking used human iron-saturated holo-TF (Sigma-Aldrich T0665).
| Fluorescence internalization probe
Generation of FIP probes was performed as previously described. 
| Microscopy
Cell membranes were labeled with RFP Cell Light (Life Technologies).
Cells were stained for 30 minutes on ice with FIP-Cy5 conjugated monoclonal antibody in complete DMEM. Staining was followed by 2 washes. FIP-antibody bound cells were incubated in complete DMEM at 37 C, 10% CO 2 or on ice for 9 minutes followed by addition, or not, of 1 μM QP c in DMEM media. Cells were fixed with 4% paraformaldehyde and permeabilized with 0.3% Triton X-100. Nuclei were stained with Hoescht. Images were obtained with a LSM710
confocal microsope (Zeiss). 
| Internalization assay
